The seesaw mechanism is the preferred methodology to obtain light neutrino masses by the introduction of a Majorana mass matrix. Moreover, radiative corrections can be done in order to improve the predictions of the model. However, when such a Majorana mass matrix has no inverse, radiative corrections turn out as the only mechanism to get massive neutrinos. In this letter, it is shown a nonuniversal abelian extension U(1) X of the Standard Model in which neutrinos acquire masses completely by radiative corrections through one-loop self-energies involving heavier right-handed neutrinos. Moreover, one right-handed neutrino ν 2 R also gets mass through radiative corrections involving Majorana fermions. Finally, some limit cases are drafted depending on the hierarchy among vacuum expectation values and Majorana masses.
I. INTRODUCTION
Since the very beginning of the search on particle physics, neutrinos have shown really special behaviors in comparison with other fundamental particles such as electrons, muons or quarks. Neutrino oscillations points one of their most important features, which is that they have really small but finite masses with only a left-handed chirality [1, 2] , despite the Standard Model (SM) [3] [4] [5] demands the existence of both left and right to generate masses through the electroweak spontaneous symmetry breaking (SSB).
In this way, the most preferred scheme to obtain small neutrino masses is the well-known seesaw mechanism (SSM) [6] [7] [8] [9] [10] [11] [12] [13] [14] which proposes the existence of right-handed neutrinos as Majorana fermions. Since they are SM singlets, right-handed neutrinos are able to present Majorana masses whose scale is fixed in order to get the suited mass scales of neutrino masses according to neutrino oscillation data. However, the simple SSM requires Majorana masses for the right-handed neutrinos at 10 14 GeV, near to the usual grand unification scale and evidently out of any experimental probe available today. In order to solve this unpleasant problem, the inverse seesaw mechanism (ISS) introduces a two-folded spectrum of right-handed neutrinos and consequently the Majorana mass scale can be lower by the addition of an additional scale at which right-handed neutrinos acquires mass [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
One realization of the ISS is presented in Ref. [25] . The particle content includes the three lepton doublets of the SM α L (α = e, µ, τ ), three right-handed Dirac neutrinos ν α R and three right-handed Majorana fermions N α R (see Tab. I). After the SSB the neutral sector gets the mass matrix * cediazj@unal.edu.co † sfmantillas@unal.edu.co ‡ remartinezm@unal.edu.co
Performing the inverse SSM together with the assumptions M N M ν M N , we find that M N can be diagonalized by blocks in the following way
, where the resultant 3 × 3 blocks are [20, 22] 
The left-handed or active neutrinos ν α L received tiny contributions from the right-handed or sterile species directly proportional to M N and inversely to M N , so as they get into the light neutrinos ν i L at thousandths of eV. On the contrary, the sterile species ν Regarding one-loop corrections, the Ref. [12] shows that neutrino mass matrix can be expressed by
where M 1−loop N contains mass terms obtained from one-loop corrections
In this way, active neutrinos acquire masses through seesaw contributions at tree-level as well as through one-loop corrections
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and after regularizing the integrals involved in loop diagrams the correction turns out to be
in which the heavy modes have been integrated out. Compared with tree-level expression, such a correction is suppressed by
, so as it could contribute to the actual mass of light neutrinos.
The model presented in this article has received some modification to forbid seesaw mechanisms at tree-level because one of the sterile neutrinos does not get mass and the mass matrix M N does not have inverse. Consequently, it is mandatory to obtain masses through radiative corrections, in contrast with Ref. [12] for normal SSM and [18] for ISS, where seesaw is allowed at tree level and one-loop corrections are done in order to improve the predictability of the models. The section II introduces the scalar and leptonic content employed in the article as well as the neutral lepton Yukawa Lagrangian. Then, section III presents one-loop radiative corrections to get Majorana masses for light ν α L and heavy ν α R species. Finally, some conclusions are outlined in section IV.
II. SCALAR AND LEPTONIC CONTENT
The Ref. [25] introduces a new nonuniversal abelian extension to the SM where the fermion mass hierarchy is addressed. The majority of fermions acquire masses without radiative corrections, even light and heavy neutrinos through SSMs allowed by the Yukawa couplings of the model. However, the model presented here differs from the previous one in the neutral sector. The neutrinos ν
were interchanged so as the neutral lepton Yukawa Lagrangian turns out to be
where Φ = iσ 2 Φ * are the scalar doublet conjugates and the Majorana mass is denoted by M ij N . The neutral sector of the model involves Dirac and Majorana masses in its Yukawa Lagrangian. They can be described in the flavor and mass bases which are, respectively,
After the SSB the mass terms of the neutral sector in the flavor basis are
where the mass matrix has the following block structure
where the block M ν is
while the block M N turns out to be
The determinant of M N is null. Moreover, the active neutrino ν τ L is disconnected from the rest of the neutral fermion system, leaving it massless and constraining the model to inverse ordering (IO) [1, 2] with
It is important to note that in the Yukawa Lagrangian (9) the leptonic doublet τ L does not appear due to its X-charge which was assigned in order to cancel chiral anomalies. Consequently, it cannot acquire mass neither by see-saw nor radiative corrections.
Radiative corrections at one-loop in the self-energy of νL where i, l = e, µ and j, k = e, µ, τ .
III. RADIATIVE MASSES
The impossibility to perform the SSM in the neutral sector of the model implies massless active neutrinos at tree level. However, there exist one-loop diagrams which are suitable to get Majorana masses for active neutrinos involving right-handed neutrinos and the lepton number violation Majorana mass terms M N . The next sections show how the model accounts for ν α L masses as well as right-handed neutrinos.
A. Radiative mass for active neutrinos νL
Since there is one right-handed neutrino massless at treelevel, the SSM is forbidden and the masses of light neutrinos have to be obtained through radiative corrections at oneloop level. The main contributions to the self-energy of ν α L come from SM fields: the gauge boson Z µ , its Goldstone boson G Z and the Higgs boson h, so as [12, 13, 18] 
The contributions from non-SM fields are suppressed because of the hierarchy among v, the electroweak VEV, and v χ at TeV scale. For instance, in the scalar sector the flavor basis h = (h 1 , h 2 , h 3 , ξ χ ) is connected with the mass basis H = (h, H 1 , H 2 , H) through H = R even h (the Higgs potential as well as scalar masses and mixings are explained in detail in Ref. [25] 
where the mixing angles are given by
The most suppressed mixings involve s (9)), which is expressed in the eigenstate basis as the superposition of h and the heavier scalars H 2 and H, then
the less suppressed contribution to light neutrinos selfenergy comes from the lightest scalar, h, with the mixing angle s 
The algebraic expression of the first diagram in Fig. 1 , the self-energy involving the Higgs boson, is
where λ 33 is the quartic coupling constant of (Φ † 3 Φ 3 ) 2 in the Higgs potential which can be approximated by
On the other hand, from the expressions of the second and third diagrams in Fig. 1 , the self-energy involving G Z and Z µ are given by After integrating both contributions, the resulting mass for light neutrinos is
The expression can be simplified by definingM
and s γ = v 3 /v, and by replacing M W = gv/2 so as
and the mass matrix is
Some interesting limits on M li ν can be drafted depending on the hierarchy between M 1 N and v χ . The fist one assumes g χN v χ M ee N , so the mass matrix turns out to be
whereM S can be large as it is required to obtain light neutrinos. On the other hand, when
where, in this case,M S gets small in consistency with light neutrinos.
B. Radiative mass for the massless νR
An analogous calculation is done on right-handed sector by doing some replacements on radiative correction and similar expressions are obtained, where the SM scalar and gauge fields h, G Z and Z µ have been replaced by the new H, G Z and Z µ , respectively. The contributions from the SM Higgs boson h get suppressed because of the small mixing angles v i /v χ with H, which receives major contributions from ξ χ
Similarly, Z µ does not contribute importantly to the selfenergy of ν R because of the mixing v 2 /v 2 χ with Z µ , so SM bosons can be neglected in first approximation.
Since the diagrams of Figs. 1 and 2 are similar under the replacements (h, G Z , Z µ ) → (H, G Z , Z µ ) with the suited coupling constants, the resulting mass matrix for righthanded neutrinos is
Similarly with the left-handed neutrino sector, some limits can be drafted.
where the mass of the non-SM gauge boson Z µ , given by M Z ≈ g X v χ /3, has been replaced [25] . This case yields the massless ν 2 R as a light right-handed sterile neutrino. On the other hand, when
and the former massless ν 2 R would get mass near to the TeV scale.
One interesting feature in one-loop mass expressions is the presence of terms
, suggesting the existence of a seesaw-like mechanism inside self-energy loops. Actually, those factors determine the mass scale of neutrinos which have acquired masses through radiative corrections.
IV. DISCUSSION AND CONCLUSIONS
The evidence of neutrino oscillations, as well as the upper limits on absolute neutrino masses have yielded stringent constraints in models which address neutrino physics. The most preferred framework to understand neutrino masses is the seesaw mechanism, whose main hypothesis is the existence of sterile right-handed neutrinos as Majorana fermions, which have lepton number violating masses at a higher scale so as left-handed neutrinos turns out to be Majorana fermions with masses at eV scale. Moreover, the introduction of a second set of right-handed neutrinos, together with the existence of a second VEV at TeV allows lower Majorana mass scale to accessible experiment energies. However, there exist the scenario in which the Majorana mass matrix does not have inverse matrix, yielding massless right-handed neutrinos as well as the impossibility to obtain neutrino masses at tree level. In this way, radiative corrections comprise the principal mechanism to get light massive neutrinos.
The model presented here implies such a scenario where radiative corrections are the main mechanism to get masses. There are two kinds of loops, the self-energies of ν L involving the SM bosons Z µ , G Z and h together with righthanded neutrinos ν R and N R , and the self-energy of ν 2 R involving the non-SM bosons Z µ , G Z and H with the Majorana fermions N R . Furthermore, depending on the hierarchy between the VEV v χ at TEV scale and the Majorana mass M ee N which would be at a higher or lower scale. Such limits were obtained in section III and are outlined in Tab.  II. Consequently, the model shows how a scenario in which Majorana mass matrix does not have inverse implies massless neutrinos at tree level and massive at one-loop level through radiative corrections involving heavy modes and bosons, in contrast with the majority of models where neutrinos get masses at tree level by seesaw mechanisms. 
